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The guanine-nucleotide-exchange factor Cdc24p is targeted to
the nucleus and polarized growth sites
Kurt A. Toenjes*, Mathew M. Sawyer* and Douglas I. Johnson
Generation of cellular asymmetry or cell polarity plays a
critical role in cell-cycle-regulated morphogenetic
processes involving the actin cytoskeleton. The GTPase
Cdc42 regulates actin rearrangements and signal
transduction pathways in all eukaryotic cells [1], and
the temporal and spatial regulation of Cdc42p depends
on the activity and targeting of its guanine-nucleotide
exchange factor (GEF). Cdc24p, the Saccharomyces
cerevisiae GEF for Cdc42p, is found in a particulate
fraction and localizes to the plasma membrane [2,3] at
sites of polarized growth [4]. We show that Cdc24p
labeled with green fluorescent protein (GFP–Cdc24p)
was targeted to pre-bud sites, the tips and sides of
enlarging buds, and mating projections in pheromone-
treated cells. Unexpectedly, GFP–Cdc24p also localized
to the nucleus and GFP–Cdc24p levels diminished
before nuclear division followed by its reappearance in
divided nuclei and mother–bud necks during
cytokinesis. The Cdc24p amino-terminal 283 amino
acids were necessary and sufficient for nuclear
localization, which depended on the cyclin-dependent-
kinase inhibitor Far1p. The Cdc24p carboxy-terminal
289 amino acids were necessary and sufficient for
targeting to the pre-bud site, bud, mother–bud neck,
and mating projection. Targeting was independent of
the Cdc24p-binding proteins Far1p, the GTPase
Rsr1p/Bud1p, the scaffold protein Bem1p, and the Gβ
subunit Ste4p. These data are consistent with a
temporal and spatial regulation of Cdc24p-dependent
activation of Cdc42p during the cell cycle.
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Results and discussion
To examine the cell-cycle-dependent localization of
Cdc24p, a GFP fusion protein was generated by fusing the
CDC24 gene downstream of the GFPS65T gene and a
linker comprising eight alanine residues. The GFP–CDC24
fusion gene complemented the cdc24-4ts mutant at 37°C
(see Supplementary material), indicating that it encoded a
functional Cdc24p and suggesting that it was properly
localized. The localization pattern of GFP–Cdc24p was
identical when it was expressed on a plasmid under the
control of the MET25 promoter or when integrated into
the genome under the control of the CDC24 promoter. In
an asynchronous population of haploid cells, GFP–Cdc24p
localized to polar patches in unbudded cells and to tips of
small-budded cells (Figure 1a), as previously observed [4].
Unexpectedly, GFP–Cdc24p also localized to nuclei in
unbudded and small-budded cells, as demonstrated by
the colocalization of GFP–Cdc24p and 4,6-diamidino-2-
phenylindole (DAPI) staining (Figure 1b). Medium-to-
large-budded cells exhibited diminished GFP–Cdc24p
fluorescence in the nucleus and the periphery of the bud
(Figure 1a). Large-budded cells that had undergone
nuclear division reacquired GFP–Cdc24p in divided
nuclei and at mother–bud necks. This cell-cycle-depen-
dent localization was further corroborated in cells synchro-
nized in G1 with mating pheromone. Upon α-factor arrest,
GFP–Cdc24p localized to the nucleus (Figure 2a), but as
buds enlarged (after 90–120 minutes), both GFP–Cdc24p
protein levels and fluorescence diminished. This was not
due to redistribution of GFP–Cdc24p from particulate to
soluble fractions (Figure 2b). GFP–Cdc24p appeared at
mother–bud necks after nuclear division had begun, on
the basis of observations that 23% of cells had undergone
nuclear division at 120 minutes whereas only 3% had
GFP–Cdc24p at the mother-bud neck and that this stain-
ing was missing in some cells that were undergoing
nuclear division (Figure 1b). 
GFP–Cdc24p was targeted to nuclei and mating projec-
tions on the addition of mating pheromone (Figure 1c),
corroborating Cdc24p’s role in polarized growth during
the mating process through its interactions with the
Ste4p Gβ and Far1p signaling proteins [4–7]. GFP–Cdc24p
was also observed in an unidentified diffuse cytoplasmic
structure that did not colocalize with DAPI staining and
was consistently found posterior to the nucleus relative
to the mating projection. G1-phase nuclear localization of
GFP–Cdc24p was lost in ∆far1, ∆ste4, and MATa/MATα
diploid cells (Figure 3a), although targeting to buds and
mother–bud necks, as well as the diminishment of
GFP–Cdc24p signal in anaphase cells, was still apparent in
∆far1 cells (Figure 3b). The loss of nuclear localization
in ∆ste4 and diploid cells was most likely due to loss of
Far1p expression in these cells [8]; Far1p is not
expressed in diploid cells and is expressed during G2/M
phase but not G1 phase in ∆ste4 cells [9]. Far1p also
localizes to the nucleus and becomes cytosolic upon
pheromone induction [6]. These observations are consis-
tent with the hypothesis that Far1p binds Cdc24p within
the nucleus during the cell cycle and that this interaction
is not essential for Cdc24p targeting to buds and
mother–bud necks.
To further investigate GFP–Cdc24p localization, truncation
and site-directed mutations were examined (Figure 3a).
Analysis of constructs corresponding to amino acids
1–283 and 285–854 indicated that the Cdc24p amino
terminus was necessary and sufficient for nuclear localiza-
tion. The cdc24-m1 (S189F) and cdc24-m3 (S189P) muta-
tions, which inhibited mating-partner discrimination and
interactions between Cdc24p and Far1p [6,7], disrupted
nuclear localization, indicating that Cdc24p–Far1p inter-
actions are necessary for this localization. 
Analysis of constructs corresponding to amino acids 1–473
and 1–681 of Cdc24p indicated that the catalytic Dbl
homology (DH) and pleckstrin homology (PH) domains,
but not the catalytic DH domain (which binds Cdc42p)
alone, was sufficient for targeting and function (Figure 3a).
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Figure 1
The pattern of GFP–Cdc24p localization. The photomicroscopy
techniques used, including GFP fluorescence, DAPI staining, and the
capture and manipulation of digital images have been described
previously [23]. (a) Left panels, asynchronous Y147 cells containing
the GFP–CDC24 fusion gene under the control of the endogenous
CDC24 promoter integrated at the his3 locus. Right panel, Y147 cells
containing p415MET(GFPS65T-A8), which does not contain Cdc24p.
Cells were grown in SC-Met (derepressing) media before microscopic
observation. (b) Colocalization of GFP–Cdc24p (upper panels) and
nuclei (DAPI-stained; lower panels) in Y147 cells containing plasmid
p415MET(GFPS65T-A8-CDC24), which contains GFP–Cdc24p under
the control of the MET25 promoter. Cells at representative stages of
the cell cycle are shown. (c) Left panel, RAK21 cells containing
plasmid p415MET(GFPS65T-A8-CDC24) were incubated with 20 nM
α factor in SC-Met media for 90 min at 30°C before observation of
mating projections. Right panels, same population of cells showing
overlapping localization of GFP–Cdc24p (upper panels) and nuclei
(DAPI-stained; lower panels).
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Figure 2
Localization of GFP–Cdc24p during the cell cycle. (a) Mid-log cultures
of RAK21 cells containing p415MET(GFPS65T-A8-CDC24) were
incubated with 20 nM α factor for 135 min at 23°C before release
(> 90% unbudded cells but < 5% with mating projection).
Representative photomicrographs of cell populations are shown at
corresponding stages. (b) Immunoblot analysis of GFP–Cdc24p
protein levels from similar synchronized cell cultures as in (a).
Immunoblot and cell fractionation experiments were performed as
previously described [24,25]. Cells (~1 × 108) containing
GFP–Cdc24p were collected, resuspended in lysis buffer (0.8 M
sorbitol, 1 mM EDTA, 50 mM Tris pH 8.0, 0.2 mM DTT) with protease
inhibitors (phenylmethylsulfonyl fluoride, aprotinin, N-tosyl-L-
phenylalanine chloromethyl ketone, leupeptin, and pepstatin), and lysed
with glass beads; greater than 90% cell lysis was verified by light
microscopy. Cell lysates were spun at 500 × g for 5 min at 4°C to clear
cellular debris, the 500 × g supernatant fractions were spun at
10,000 × g for 10 min at 4°C, and the pellets were resuspended in the
same volume of lysis buffer. To assess the relative amounts of
GFP–Cdc24p and actin in each fraction, equal volumes of 10,000 × g
pellet (P) and supernatant (S) fractions were separated on an 8%
SDS–polyacrylamide gel and immunoblotted. Anti-GFP antibodies
were used at 1:500 dilution with horseradish peroxidase-conjugated
goat anti-mouse secondary antibodies at 1:3,000 dilution. Goat anti-
yeast actin antibodies were used at 1:2,500 dilution with horseradish
peroxidase-conjugated rabbit anti-goat secondary antibodies at
1:10,000 dilution. These results are representative of at least two
independent experiments.
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Interestingly, GFP–Cdc24p constructs 1–681, 285–854,
and 565–854 were targeted properly to sites of polarized
growth, indicating that the carboxy-terminal 289 amino
acids are sufficient for proper targeting and suggesting
that amino acids 565–681 would be sufficient for targeting.
Unfortunately, a 565–681 construct was not stably main-
tained (data not shown). This targeting region contains the
β4–β7 strands and αC helix of PH subdomains IV–VI [10],
which can bind Gβγ subunits [11], but it does not contain
the β1–β2 strands that interact with phosphoinositides to
mediate membrane attachment [12,13]. The β4–β6
primary structure is poorly conserved among Rho-type
GEFs (which include Cdc24) but the β7 strand and αC
helix are highly conserved, especially the invariant αC-
helix Trp659 residue. This region also contains the
Bem1p-binding domain, two putative Ca2+-binding
domains [14,15], one of which overlaps the αC helix, and
part of the binding domain for Rsr1p/Bud1p, an upstream
GTPase that binds Cdc24p [16]. GFP–Cdc24p was tar-
geted to buds and mother–bud necks in ∆bem1, ∆rsr1, and
∆ste4 mutants and ∆rsr1 ∆bem1 double mutants, however
(Figure 3a). Furthermore, addition of the actin depoly-
merizing drug latrunculin A did not inhibit GFP–Cdc24p
targeting (data not shown), as previously observed [4].
Targeting of GFP–Cdc24p was therefore independent of
all known Cdc24p-interacting proteins as well as the actin
cytoskeleton, suggesting that targeting is a function of
binding to an as yet unidentified docking protein or
directly to a specific region of the plasma membrane.
Our data are the first example of a Cdc42p-GEF being
localized to the nucleus in a cell-cycle-specific manner,
but given the panoply of related mammalian Cdc42p-
GEFs, including the oncoprotein Dbl and the faciogenital
dysplasia protein Fgd1 [1], it is likely that one or more of
these will also be under similar control. The reason for
Cdc24p nuclear localization is unclear, especially given
that Cdc24p’s substrate Cdc42p does not localize to the
nucleus and that nuclear localization is not essential for
viability, cell-cycle progression, or Cdc24p targeting to
buds and mother–bud necks. Interestingly, the Schizosac-
charomyces pombe Cdc24p homolog Scd1p also localizes to
the nucleus, where it functions with Moe1p in proper
spindle formation [17]. The nuclear localization of Cdc24p
depends on Far1p, which functions both as a scaffold
protein interacting with Cdc24p, the Ste4p Gβ subunit
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Figure 3
Cdc24p targeting domains and localization
in mutants. (a) GFP–Cdc24p truncation
mutants were expressed in Y147 or RAK21
cells. Carboxy-terminal GFP–Cdc24p
truncations were created by replacing amino
acids 284–285 (construct 1–283),
474–475 (construct 1–473), and 682–683
(construct 1–681) with stop codons. Amino-
terminal truncations were created by
introducing a BamHI site at amino acids
282–284 (construct 285–854) or 562–564
(construct 565–854), cleaving the resulting
plasmids with BamHI and re-ligating. The
cdc24-m1 (S189F) and cdc24-m3 (S189P)
mutations were generated in
p415MET(GFPS65T-A8-CDC24) using the
Stratagene QuikChange Mutagenesis Kit.
Functionality was assayed by plasmid
complementation of the cdc24-4ts mutant
Y147 at 37°C; ++, robust growth; 
+, slow growth; –, no growth; ND, not
determined. Localization patterns were
observed in asynchronous and/or
synchronous populations; a tick indicates
proper targeting; –, no targeting; ND, not
determined. Localization to mating
projections (shmoos) was observed in
RAK21 transformants arrested with 20 nM
α factor. Plasmid p415MET(GFPS65T-A8-
CDC24) was transformed into strains
TCK21 (∆far1), RAK3 (∆ste4), W303
(MATa/MATα), RG3340 (∆bem1), Y306
(∆rsr1), or KTY1000 (∆bem1 ∆rsr1); asterisk
indicates weak fluorescence in G2/M-phase
nuclei. The Far1p [6], Rsr1p/Bud1p [16],
and Bem1p [26] binding domains (BD) are
shown. (b) TCK21 (∆far1) cells containing
p415MET(GFPS65T-A8-CDC24). Loss of
GFP–Cdc24p nuclear localization, but not
bud or mother–bud neck targeting, in cells at
representative stages of the cell cycle was
verified by DAPI staining of nuclei.
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and Bem1p [4,6], and as an inhibitor of the cyclin-depen-
dent kinase Cdc28p [8,18,19]. Interestingly, Far1p
immunoprecipitates with the G1 cyclins Cln1p and Cln2p
along with an ~94 kDa protein (the approximate size of
Cdc24p) from isolated nuclei [20]. The nuclear localiza-
tion of GFP–Cdc24p during the cell cycle does not require
a pheromone signal, so Far1p must have a mating-inde-
pendent function either in targeting Cdc24p to the
nucleus or in its nuclear retention. Given the conserved
structure of the Far1p-binding domain in Cdc24p, it is
likely that Far1p-like molecules will regulate Cdc42-GEF
nuclear targeting in other cell types.
The colocalization of Cdc24p and Cdc42p at various
stages of the cell cycle is consistent with the possibility
that Cdc24p activates Cdc42p before bud emergence in
G1 phase and again before cytokinesis in M phase. This
potential activation pattern raises the possibility that
Cdc42p is de-activated in the intervening time frames by
one of its three GTPase-activating proteins, Bem3p,
Rga1p, or Rga2p. CDC24 mRNA levels do not vary signifi-
cantly during the cell cycle [21,22], suggesting that the
post-anaphase reappearance of Cdc24p in divided nuclei
and at the mother-bud neck is through a post-transcrip-
tional mechanism. Given the highly conserved nature of
the Cdc24p–Cdc42p molecular switch in regulating
eukaryotic cellular morphogenesis, it is likely that similar
targeting and activation mechanisms exist in many other
cell types. 
Supplementary material
Supplementary material including a figure showing the complementa-
tion of the cdc24-4ts mutant Y147 by plasmid-borne and integrated
copies of GFP-A8-CDC24 and the ratio of GFP–Cdc24p and actin
protein levels during the cell cycle is available at http://current-
biology.com/supmat/supmatin.htm. 
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S1Supplementary material
Figure S1
(a) Complementation of the cdc24-4ts mutant.
Top panel: Y147 (cdc24-4ts) transformants
containing the indicated plasmids were
streaked on SC-Leu-Met media at 23°C or
37°C. Bottom panel: Y763 (wild-type), Y147,
and three Y147 integrants were streaked on
YEPD media at 23°C or 37°C. (b) The levels
of GFP–Cdc24p and actin were determined
from scanned autoradiographs (as shown in
Figure 2b) using Scion Image software, and
the ratios of GFP–Cdc24p to actin were
plotted. These results are representative of at
least two independent experiments.
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